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============

Pairs of highly energetic jets (dijets) are produced at high rates in proton--proton collisions at the CERN LHC through pointlike scattering of quarks and gluons. Despite its enormous success, the shortcomings of the standard model (SM) are well known. Many theories of physics beyond the standard model (BSM) that alter the interaction of quarks and gluons from that predicted by perturbative quantum chromodynamics (QCD) give rise to narrow or wide resonances or even to nonresonant dijet signatures. Examples that have received widespread attention include models with dark matter (DM) \[[@CR1]--[@CR5]\], quark compositeness \[[@CR6]--[@CR8]\], extra spatial dimensions \[[@CR9], [@CR10]\], and quantum black holes \[[@CR11]--[@CR15]\]. Resonances with an intrinsic width of the order of the experimental resolution can be constrained by searches in the dijet invariant mass spectrum \[[@CR16]--[@CR18]\]. These searches, however, are not very sensitive to wide resonances or nonresonant signatures; a more effective strategy to constrain such signatures is the study of dijet angular distributions \[[@CR19]\].

The angular distribution of dijets relative to the beam direction is sensitive to the dynamics of the scattering process. Furthermore, since the angular distributions of the dominant underlying QCD processes of $\documentclass[12pt]{minimal}
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In a simplified model of interactions between DM particles and quarks  \[[@CR1]--[@CR4], [@CR30], [@CR31]\], the spin-1 (vector or axial-vector) DM mediator particle with unknown mass $\documentclass[12pt]{minimal}
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A common signature of quark compositeness \[[@CR6]--[@CR8]\], at energies well below the characteristic mass scale $\documentclass[12pt]{minimal}
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The Arkani--Hamed--Dimopoulos--Dvali (ADD) model \[[@CR9], [@CR10]\] of compactified large extra dimensions (EDs) provides a possible solution to the hierarchy problem of the standard model. It predicts signatures of virtual graviton exchange that result in a nonresonant enhancement of dijet production in proton--proton collisions, whose angular distribution differs from the predictions of QCD. Signatures from virtual graviton exchange have previously been sought at the LHC in various final states, where the most stringent limits arise from the CMS search with dijet angular distributions \[[@CR29]\], which excludes the ultraviolet cutoff in the ADD framework up to 7.9--11.2TeV, depending on the parameterization of the model.

In models with large EDs, the fundamental Planck scale ($\documentclass[12pt]{minimal}
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                \begin{document}$${M_\mathrm {Pl}}$$\end{document}$, decay predominantly into dijets and can be studied using dijet angular distributions \[[@CR38]--[@CR40]\]. Recent searches for QBHs with dijet final states at the LHC reported in Refs. \[[@CR17], [@CR29]\] exclude QBHs with masses below 8.9TeV.

In this paper, we present a search for new physics, specifically DM mediators, CIs, EDs, and QBHs, using measurements of dijet angular distributions. The signature of the signals can be categorized into nonresonant excesses at high $\documentclass[12pt]{minimal}
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The CMS detector {#Sec2}
================

The CMS apparatus is based on a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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Event selection and data unfolding {#Sec3}
==================================

Events are reconstructed using a particle-flow algorithm \[[@CR43]\] to identify and reconstruct individual particles from each collision by combining information from all CMS subdetectors. Identified particles include charged and neutral hadrons, electrons, muons, and photons. The particles are clustered into jets using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_{\mathrm {T}}$$\end{document}$ algorithm \[[@CR44], [@CR45]\] with a distance parameter of 0.4. In order to mitigate the effect of additional proton--proton interactions within the same or nearby bunch crossings (pileup) on the jet momentum measurement, the charged hadron subtraction technique \[[@CR43]\] is used. Spurious jets from noise or non-collision backgrounds are rejected by applying jet identification criteria \[[@CR46]\]. The jet energies are corrected for nonlinear and nonuniform response of the calorimeters through corrections obtained from data and Monte Carlo (MC) simulations \[[@CR47]\]. To compare data with theoretical predictions, the same jet clustering algorithm is applied to the generated stable particles (lifetime $\documentclass[12pt]{minimal}
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The events used in this analysis are selected with triggers based upon either jet $\documentclass[12pt]{minimal}
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In the subsequent offline analysis, events with a reconstructed primary vertex that lies within ± 24 $\documentclass[12pt]{minimal}
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The two leading jets are used to measure the dijet angular distributions in seven regions of the dijet invariant mass $\documentclass[12pt]{minimal}
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Theoretical predictions {#Sec4}
=======================

We compare the unfolded normalized dijet angular distributions with the predictions of perturbative QCD at NLO, available in [nlojet++]{.smallcaps} 4.1.3 \[[@CR54]\] in the [fastnlo]{.smallcaps} 2.1 framework \[[@CR55]\]. EW corrections for dijet production \[[@CR56]\] change the predicted normalized distributions by up to 1% (5%) for the lowest $\documentclass[12pt]{minimal}
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The production and decay of the DM mediators in the simplified DM model are generated at LO using [MadDM]{.smallcaps} version 2.0.6 \[[@CR66], [@CR67]\] at fixed $\documentclass[12pt]{minimal}
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BSM physics signatures from CIs with flavor-diagonal color-singlet couplings among quarks are described by the effective Lagrangian \[[@CR7], [@CR8]\]:$$\documentclass[12pt]{minimal}
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For the ADD model, two parameterizations for virtual graviton exchange are considered: Giudice--Rattazzi--Wells (GRW) \[[@CR69]\] and Han--Lykken--Zhang (HLZ) \[[@CR70]\]. In the GRW convention, the sum over the Kaluza--Klein graviton excitations in the effective field theory is regulated by a single cutoff parameter $\documentclass[12pt]{minimal}
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Quantum black hole production is studied within the framework of the ADD model, with $\documentclass[12pt]{minimal}
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To take into account the NLO QCD and EW corrections to SM dijet production when probing the ADD, QBH, and DM models, the cross section difference $\documentclass[12pt]{minimal}
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Exclusion limits on the BSM models studied in this paper are set based on the comparison of data that have not been corrected for resolution effects with both SM+BSM and SM predictions that have been folded to detector level. The comparison at detector level is done to eliminate some systematic uncertainties that are introduced during the unfolding procedure and simplifies the statistical evaluation. This procedure uses the same two-dimensional response matrix whose inverse is used for unfolding the data. It has been verified that the $\documentclass[12pt]{minimal}
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Experimental uncertainties {#Sec6}
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Another source of uncertainty arises from the use of a parametric model to simulate the jet $\documentclass[12pt]{minimal}
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In the unfolding procedure, there is an additional systematic uncertainty introduced due to potential mismodeling of the dijet kinematic distributions in [pythia]{.smallcaps}. This uncertainty is evaluated using [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} 2.2.2 \[[@CR78]\] predictions, as the kinematic distributions from [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} and [pythia]{.smallcaps} are found to bracket the data. The inverted response matrix from [pythia]{.smallcaps} is applied to the smeared $\documentclass[12pt]{minimal}
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The effect from pileup is studied by comparing the $\documentclass[12pt]{minimal}
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Theoretical uncertainties {#Sec7}
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The uncertainties due to the choices of $\documentclass[12pt]{minimal}
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Scale and PDF uncertainties in the CI predictions are obtained using the same procedure as in the QCD predictions. In the ADD and QBH models, the scale and PDF uncertainties have a negligible impact on the limits as the signals only appear in the highest mass bins, where the statistical uncertainties dominate. The effect on the acceptance for the DM models due to the PDF uncertainty is evaluated using the 100 replica NNPDF3.0 PDF set \[[@CR60]\] and found to be non-negligible in the $\documentclass[12pt]{minimal}
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Although the uncertainties are treated separately in the statistical analysis of the data, for display purposes in tables and figures we calculate the total experimental and theoretical uncertainty as the quadratic sum of the contributions due to the JES, the jet $\documentclass[12pt]{minimal}
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Results {#Sec8}
=======

In Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} the measured normalized $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _{\text {dijet}}$$\end{document}$ distributions for all mass bins unfolded to particle level are compared to NLO predictions with EW corrections. No significant deviation from the SM prediction is observed. The distributions are also compared to predictions for QCD+CI with CI scales equal to 14TeV, QCD+ADD with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varLambda _{\mathrm {T}}\ (\mathrm {GRW})\ =10\hbox {TeV}$$\end{document}$, QCD+QBH with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {QBH}} ~(\mathrm {ADD6}) = 8\hbox {TeV}$$\end{document}$, and QCD+DM with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {Med}}=2$$\end{document}$, 3 and 5TeVand $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g_{\mathrm {\mathrm {q}}} =1.0$$\end{document}$. The signal distributions are only shown for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {jj}}$$\end{document}$ ranges that contribute to the sensitivity for the BSM searches.Fig. 1Normalized $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _{\text {dijet}}$$\end{document}$ distributions in the three highest mass bins. Unfolded data are compared to NLO predictions (black dotted line). The error bars represent statistical and experimental systematic uncertainties combined in quadrature. The ticks on the error bars correspond to the experimental systematic uncertainties only. Theoretical uncertainties are indicated as a gray band. Also shown are the predictions for various CI, ADD, QBH, and DM scenarios. The lower panels show the ratio of the unfolded data distributions and NLO predictions Fig. 2Normalized $\documentclass[12pt]{minimal}
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The asymptotic approximation \[[@CR83]\] of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {\text {CL} _s}$$\end{document}$ criterion \[[@CR84], [@CR85]\] is used to set exclusion limits on the parameters for the BSM models \[[@CR86]\]. The limits obtained using this approximation were tested against the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {\text {CL} _s}$$\end{document}$ limits obtained using ensembles of pseudo experiments for several of the models examined, and the differences were found to be negligible. The likelihoods $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$L_\mathrm {QCD}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$L_\mathrm {QCD+BSM}$$\end{document}$ are defined for the respective QCD-only and QCD+BSM hypotheses as a product of Poisson likelihood functions for each bin in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi _{\text {dijet}}$$\end{document}$. The predictions for each $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {jj}}$$\end{document}$ range are normalized to the number of observed events in that range. Systematic uncertainties are treated as nuisance parameters in the likelihood model. Following Ref. \[[@CR17]\], the nuisance parameters are profiled with respect to the QCD-only and QCD+BSM models by maximizing the corresponding likelihood functions. The *p*-values for the two hypotheses, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P_\mathrm {QCD+BSM}(q \ge q_\text {obs})$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P_\mathrm {QCD}(q \le q_\text {obs})$$\end{document}$, are evaluated for the profile log-likelihood ratio $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q = -\,2 \ln ({L_\text {QCD+BSM}}/{L_\mathrm {QCD}})$$\end{document}$. Limits on the QCD+BSM models are set based on the quantity $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {\text {CL}}_\mathrm {s} = P_\mathrm {QCD+BSM}(q\ge q_\text {obs}) / (1-P_\mathrm {QCD}(q \le q_\text {obs}))$$\end{document}$, which is required to be less than 0.05 for a 95% confidence level ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$) of exclusion. Because of the large number of events in the low-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_{\mathrm {jj}}$$\end{document}$ range, which constrain the systematic uncertainties, we obtain 2--30% better observed limits on the BSM scales and masses compared to the limits obtained using the method in the predecessor of this search reported in Ref. \[[@CR29]\], where the nuisance parameters were marginalized rather than profiled.
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The observed and expected exclusion limits at 95% $\documentclass[12pt]{minimal}
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A search has been presented for physics beyond the standard model, based on normalized dijet angular distributions obtained in 2016 from proton--proton collisions at the LHC. The data sample corresponds to an integrated luminosity of 35.9$\documentclass[12pt]{minimal}
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